oxrB8, a mutation that diminishes the anaerobic induction of pepT and other anaerobically regulated, oxrA (fnr)-dependent Salmonella typhimurium genes, is an allele of rpoA, the gene for the a subunit of RNA polymerase. Four additional rpoA mutations that affect anaerobic pepT expression have been isolated after localized mutagenesis of the rpoA region. All but one of these rpoA mutations appear to have relatively specific effects on genes that require the OxrA (FNR) protein, a positive transcriptional regulator of a family of anaerobically expressed genes. All of these mutations lead to amino acid substitutions in the C-terminal region of the a subunit. These results taken with a number of previous observations suggest a role for the a subunit in the interaction between RNA polymerase and positive transcriptional regulatory proteins. They also suggest that the C-terminal region of a is important for these interactions.
oxrB8, a mutation that diminishes the anaerobic induction of pepT and other anaerobically regulated, oxrA (fnr)-dependent Salmonella typhimurium genes, is an allele of rpoA, the gene for the a subunit of RNA polymerase. Four additional rpoA mutations that affect anaerobic pepT expression have been isolated after localized mutagenesis of the rpoA region. All but one of these rpoA mutations appear to have relatively specific effects on genes that require the OxrA (FNR) protein, a positive transcriptional regulator of a family of anaerobically expressed genes. All of these mutations lead to amino acid substitutions in the C-terminal region of the a subunit. These results taken with a number of previous observations suggest a role for the a subunit in the interaction between RNA polymerase and positive transcriptional regulatory proteins. They also suggest that the C-terminal region of a is important for these interactions.
pepT is a member of a group of Salmonella typhimurium genes (oxd genes) that are transcribed at higher levels under anaerobic growth conditions than in the presence of oxygen. Mutations that block the increased anaerobic expression of these genes map at two loci (41) . One of these, oxrA, appears to be the Salmonella homolog of the fnr gene of Escherichia coli (19, 41) . The product of fnr is necessary for the anaerobic induction of a variety of genes, most of which encode components of anaerobic respiratory pathways (for a review, see reference 39) . The FNR protein is a positive transcriptional regulator of these genes (39) . FNR shows significant sequence similarity to CRP (catabolite activator protein) and is believed to stimulate transcription initiation by a mechanism similar to that of CRP (39) . Specific in vitro binding of FNR to the target site deduced from in vivo studies has recerntly been reported (13a) . A second locus that leads to decreased anaerobic expression of this family of genes, identified only in S. typhimurium, is defined by the oxrB8 mutation (41) . This mutation has a phenotype similar to that of mutations at oxrA (decrease in anaerobic pepT expression with no effect on aerobic levels), but it is not linked to the oxrA locus. It also affects the anaerobic induction of other oxd genes (41) .
Some of the properties of the oxrB8 mutation are unusual. (i) On the basis of its effect on 3-galactosidase production from a pepT::lacZ operon fusion, it appears to be partially dominant to the wild-type allele. (ii) The frequency with which mutations at oxrB are isolated seems to be very low compared with the frequency of oxrA mutations. When this work was begun, only one allele had been found. Attempts to isolate insertions in oxrB have been unsuccessful. ( iii) The oxrB8 phenotype is partially corrected by the presence of a plasmid carrying the E. coli fnr gene, suggesting that overproduction of the activator protein can compensate for the defect caused by oxrB8.
Although oxrB8 was previously shown not to be linked either to pepT or to oxrA, its map position was not deter-mined (41) . The results of mapping crosses reported in this paper indicate that oxrB lies in the cluster of operons containing mainly ribosomal protein genes between 71 and 72 map units. One of these operons, the ot operon, contains rpoA, the gene encoding the a subunit of RNA polymerase. Since pepT and the oxd genes are positively regulated at the transcriptional level, we suspected that the oxrB8 mutation might affect rpoA, perhaps resulting in an RNA polymerase that is less efficiently activated by the product of oxrA. This hypothesis provides reasonable explanations for the properties of the oxrB mutation (see Discussion). We report here that oxrB8 is indeed an allele of rpoA. In addition, we describe the isolation and characterization of other rpoA alleles that affect the anaerobic induction of pepT.
MATERIALS AND METHODS
Bacterial strains, growth conditions, and enzyme assays. The strains used in this work are described in Table 1 . All bacterial strains are derivatives of S. typhimurium LT2 unless otherwise noted. Media and growth conditions have been described previously (41) . Growth on alternative carbon sources was tested by streaking on NCE medium (9) supplemented with 0.4% carbon source. For some experiments, minimal medium was supplemented with 0.1% Casamino Acids (Difco). Growth rates were determined by monitoring the optical density at 600 nm of cultures grown aerobically in a shaking water bath. ,B-galactosidase activity was assayed according to the method of Miller (26) and expressed in Miller units.
Genetic methods. Standard methods were used for mutagenesis, P22 transduction, and conjugation (9) . A tandem chromosomal duplication for testing dominance of oxrB8 (rpoA8) was constructed as described by Anderson and Roth (1) . Briefly, a strain carrying a TnJO insertion in a gene near rpoA (argDJ883::TnJO) was used as the donor in a transduction cross with selection for prototrophic (Arg+), tetracycline-resistant recombinants. These recombinants are formed from cells in the recipient population carrying tandem chromosomal duplications of the argD locus by recombination between the transducing DNA and one side of the duplication (1). Such recombinants are heterozygous dip- This DNA was treated with Klenow to repair the ends and cut with XbaI. oxrB+ fragments were ligated into SmaIXbaI-cut vector pSE380 (3), yielding plasmid pCM159. In a separate ligation reaction, oxrB+ fragments were ligated into pSE380, which had been cut with NcoI, treated with Si endonuclease, and cut with XbaI, yielding pCM173. oxrB8 fragments were ligated into the modified pSE380 vector, and four independent transformants were saved as pCM174 through pCM177.
Both strands of the inserts of the two independent oxrB+ clones, pCM159 and pCM173, and one oxrB8 clone, pCM174, were sequenced completely. The sequence change caused by the oxrB8 mutation was confirmed by sequencing single-stranded template produced by PCR, as described below. Plasmid DNA was isolated by using anion-exchange columns (Qiagen) and prepared for sequencing by the method of Chen and Seeburg (6) . Primers OxrBl and OxrB2 as well as four additional primers internal to the rpoA gene, OxrB3 through OxrB6, were used in sequencing.
The nucleotide sequences of the additional mutant alleles rpoA151 through rpoAl55 were determined directly from chromosomal DNA amplified by PCR. Both strands were sequenced for each mutant allele. Single colonies of mutant strains were suspended in 50 IlI of water, 5 RI of which was added to a 100-pA amplification reaction mixture with primers OxrBl and OxrB2 and amplified as described in the cloning procedure, with an initial 5 min of incubation at 95°C. This reaction mixture (2 pA) was then added to an asymmetric reaction mixture with 10 pmol of either primer OxrBl or OxrB2 and amplified as described in the cloning procedure, with an additional 5 cycles. The single-stranded DNA generated was purified by 2 M NH4OAc-isopropanol precipitation and sequenced. All DNA sequencing was carried out by the dideoxy nucleotide chain termination method endonulease treatment were all carried out by standard procedures (35 Fig. 3 ) has been designated STYRPOA and assigned GenBank accession number M77750.
RESULTS
Properties of oxrB8. A strain carrying a transcriptional fusion of lacZ to the pepT promoter (pepT7::MudJ) forms fisheye colonies on MacConkey lactose plates (41) . This colony appearance presumably reflects the anaerobic induction of P-galactosidase in the cells growing in the center of the colony since mutations that block anaerobic induction (oxrA and oxrB8) form white to faintly pink colonies. The effect of the oxrB8 mutation on anaerobic induction of P-galactosidase from a pepl7::MudJ fusion is clearly demonstrated in the induction curve shown in Fig. 1 . The oxrB+ strain responds rapidly to a shift to anaerobiosis and attains a steady-state level of gene product in less than a generation. Induction in an oxrB8 strain is sluggish, however, and the steady-state level attained is approximately fourfold lower than that in an oxrB+ strain. The residual induction seen in the oxrB8 strain is completely dependent on the presence of a functional oxrA gene: an oxrB8 oxrAl strain shows no induction at all (data not shown).
The oxrB8 mutation affects several other oxrA-dependent, anaerobically regulated genes. The effect of oxrB8 on the anaerobic expression of 3-galactosidase in strains carrying various oxd::IacZ fusions (20, 41) was determined. All except two of these fusions (oxd3 and oxdl4) showed reduced anaerobic expression in strains carrying oxrB8. These two oxd fusions belong to the same map position class (20) and may be independent isolates of fusions to the same promoter. Two other fusions (oxdS and oxd8) showed small reductions (less than twofold), while all of the remaining fusions (oxd2, oxd4, oxd6, oxd7, oxdll, oxdl2, and oxdl8) showed effects (3-to 20-fold reduction in the anaerobic level) comparable to or greater than those seen with pepT. Kukral et al. (20) . This insertion (zhb-3195::TnJOA in strain TN2224) was used to target the formation of Hfrs with origins of transfer at the site of the insertion (8) . Conjugation crosses with these Hfrs as donors and strains carrying auxotrophic mutations as recipients led to the conclusion that oxrB8 is located between argG (69 map units) and cysG (73 map units). Several additional transposon insertions cotransducible with oxrB8 were isolated, and P22 transduction crosses between these transposons and other markers in this interval were carried out. The results of these two-point transduction crosses (Fig.  2) showed that oxrB8 lies between aroE (71 map units) and argD (72 map units) and that it is very close to rpsE (spc) at the aroE end of the large cluster of ribosomal protein genes at this location. These results do not unambiguously order oxrB8 with respect to rpsE, however; so a three-point cross with zhb-3195::TnJOA, oxrB8, and rpsE102 was carried out ( corresponding region from E. coli has been determined, and rpoA is about 5 kb from rpsE (spc) (2, 5, 24, 28 
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The amino acid affected by the E. coli rpoAl09 mutation (Leu-290 to His) and the site of ADP ribosylation by phage T4 (Arg-265) are underlined. The E. coli rpoA34l mutation (phs) is C terminal to Ile-159 (34). , and resistance or sensitivity to spectinomycin was determined by replica plating. The reciprocal cross was not carried out because rpsE (Spcr) is recessive to the wild-type allele and a period of growth is required before plating in order for segregation to occur. As a result, transductants that arise may not be independent.
the C-terminal region of the protein, and four are localized in an 11-amino-acid segment (Gly-311 to Trp-321).
Phenotypes of rpoA mutations. All of the oxrB-type rpoA mutations were isolated by screening for colonies that had lost or reduced the size of the red center (fish eye) observed when a pepT7::MudJ strain was grown on MacConkey lactose agar. The effect of each of these mutations on anaerobic 3-galactosidase expression from a pepl7::MudJ fusion correlates well with the appearance of colonies grown on MacConkey lactose agar ( Table 3 ). The small-fisheye phenotype caused by rpoA153, rpoA154, and rpoA155 is oxrA dependent. The presence of oxrA2::TnJO in strains carrying these mutations results in a white phenotype on MacConkey lactose agar. It is interesting that the anaerobic steady-state levels in pepT7: :MudJ strains carrying rpoA8 or rpoA151, which both form white to pink colonies, are higher than those of some of the oxd fusions which form distinct fisheye colonies (41) . We believe this phenotypic difference is likely to be a reflection of the kinetics of induction. As shown in Fig. 1 of growth) with glucose, galactose, maltose, arabinose, or melibiose as carbon sources (all at 0.4%). Since S. typhimurium does not have a lac operon and is Lac-, a wild-type E. coli lac operon was introduced on an F' into strains carrying rpoA mutations. All of the resulting derivatives (TN strains 3557, 3641, 3642, 3643, and 3644) form dark red colonies of approximately the same size as those of isogenic rpoA+ strains (TN3558 and TN3640) after 24 h of incubation on MacConkey lactose medium. All of these results suggest that rpoA8, rpoAJ5J, rpoA153, and rpoA154 do not have a seriously deleterious effect on transcription from most promoters.
In contrast, the rpoA155 mutation clearly has several easily observed phenotypic consequences in addition to its effect on pepT expression. A strain carrying this mutation (TN3569) grows very poorly on minimal glucose medium, forming pinpoint colonies after several days of incubation. The mutant strain grows reasonably well when supplemented with either cysteine or methionine. Bacteriophage P22 forms clear plaques on an rpoA155 strain (TN3569), indicating that this mutation interferes with lysogenization. As in the phage A system, formation of a stable P22 lysogen requires positive transcriptional regulators (29) , and it is possible that the rpoA55 mutation leads to a polymerase defective in this interaction.
DISCUSSION
The major conclusion we draw from this work is that alterations in the a subunit of RNA polymerase can specif- ically affect transcription. The evidence for this is that several rpoA mutations that do not interfere with normal growth substantially inhibit the transcription of certain anaerobically induced, oxrA-dependent genes. We believe that the simplest hypothesis to explain these results is that the ot subunit is involved in the direct interaction of the polymerase with the OxrA activator protein.
The results further suggest that it is the C-terminal region of the a subunit that is important for these interactions. The hypothesis that rpoA mutations affect the interaction of RNA polymerase with OxrA provides reasonably satisfying explanations for the phenotypic properties of the rpoA8 mutation. Mutations of the rpoA8 type are rare relative to oxrA mutations because they alter the function of a vital gene, whereas any loss-of-function mutation in the dispensable oxrA locus will yield a similar phenotype. The rpoA8 mutation is partially dominant because it affects a protein that is assembled into a multisubunit complex. Since the mutation affects a region of the at protein that appears not to be required for assembly (18) , expression of both mutant and wild-type subunits should result in the production of a mixed population of wild-type, mutant, and hybrid polymerase forms. If, as a number of lines of evidence suggest, the two a subunits in the assembled polymerase are not equivalent (31, 32) , an even more complex mixture of polymerase forms could be present. The rpoA8 mutation is partially overcome by the presence offnr (oxrA) on a multicopy plasmid. Since such plasmids also increase the anaerobic expression levels in rpoA+ strains (19, 30 ), it appears that the level of the activator protein may be limiting. If rpoA8 weakens but does not obliterate the interaction between the polymerase and OxrA, it seems reasonable that its effect could be partially suppressed by overexpression of FNR (OxrA).
The rpoA mutations described in this paper clearly have specific effects on gene expression. The most compelling argument for this conclusion is that all but one of them allow normal growth on minimal medium. The mutations must not have drastic effects on expression of any of the genes required for growth. In addition, all allow growth on a number of alternative carbon sources. Utilization of several of these carbon sources requires the action of CRP, a positive transcriptional regulator with similarities to FNR (39) . The mutants clearly are not deficient in the expression of all positively regulated genes. The fact that rpoA8 does not affect all of the oxrA-dependent oxd fusions to the same extent is not necessarily inconsistent with the proposal that rpoA mutations alter polymerase-OxrA interactions. The interaction between a transcriptional activator and RNA polymerase must be influenced by the sequence of the promoter with which they both interact. The spacing of the Fnr (OxrA)-binding site with respect to other elements of the promoter is an obvious variable that might be relevant. The E. coli rpoA341 mutation has a much greater effect on cysA than on the other genes that are regulated by the positive regulator encoded by cysB (12) . One class of pseudorevertants of rpoA8 affects the anaerobic pepT promoter, creating a consensus -10 region from the wild-type nonconsensus sequence (21, 25) . This mutant shows oxrA-dependent anaerobic induction of pepT even in the presence of rpoA8.
Although all of the rpoA mutations isolated result in more or less specific transcription defects (even the rpoA155 mutation allows nearly normal growth in medium supplemented with Casamino Acids), it seems to us unlikely that these mutations are absolutely specific in the sense that they affect only interactions with a single activator protein or a single promoter. It seems more likely that each has a spectrum of effects which may be revealed with further phenotypic characterization. Given the amino acid sequence conservation between the ax subunits of E. coli and S. typhimurium, it is perhaps surprising that so many mutations that produce relatively subtle effects on transcription can be isolated.
Evidence from a number of other systems has suggested the importance of the C-terminal region of the a subunit in interactions with positive regulatory proteins. (i) The E. coli mutation rpoA109 that interferes with late gene expression in phage P2 (42) and its satellite P4 (15) changes to His (7, 10) . This mutation appears to block the action of the positive transcriptional activators of late gene promoters encoded by the ogr (P2) and 8 (P4) genes (14, 15) . (ii) The rpoA341 (phs) mutation of E. coli causes a pleiotropic growth defect including a requirement for cysteine or methionine, an inability to grow on melibiose, and a substantially reduced rate of growth on arabinose (13, 34) . The growth defects of rpoA341 strains are apparently caused by diminished transcription of cysA, melAB, and the genes of the ara regulon (12) . This diminished transcription has been attributed to an alteration in the ability of RNA polymerase containing the rpoA341 mutant a subunit to interact properly with the positive regulators (CysB, MelR, and AraC) required for normal expression of cysA, melAB, and araBAD (12) . The exact location of the rpoA341 mutation is not known, but it is known to affect an amino acid C terminal to Ile-159 (34) . The pleiotropic consequences of one of our mutations, rpoA155, include a requirement for cysteine or methionine. An rpoA155 strain, when it is supplemented with methionine, grows on melibiose, however, so it appears that this mutation is phenotypically distinct from rpoA341. (iii) Two groups have isolated E. coli rpoA mutations that affect regulation of the expression of the OmpF and OmpC porin proteins. This expression is controlled by the products of envZ and ompR, now known to be the sensor and effector, respectively, of a two-component regulatory system (40) . Matsuyama and Mizushima (22) characterized a mutation, rpoA77, that interferes with the suppression of envZll by ompR77. They proposed that the mutant at subunit is altered in its ability to interact with the proteins required for regulation of OmpF and OmpC production. Garrett and Silhavy (11) isolated extragenic suppressors of the envZ473 mutation. These suppressors (sez mutations) relieve the negative effects of envZ473 on expression of ompF, lamB, and phoA. More recent work has shown that one of these mutations, as well as four newly isolated rpoA alleles that affect envZ-ompR-mediated regulation, result in amino acid substitutions in the C-terminal region of a. The mutant a subunit in these strains is apparently altered in its ability to interact with the OmpR regulatory protein (38) . Recently, in vitro studies by Igarashi and Ishihama (18) have shown that mutant RNA polymerases containing truncated a subunits, while catalytically active, are unable to activate transcription from the CRP-dependent lac P1 promoter. These workers state that the simplest interpretation of these results is that the C-terminal region of the a subunit interacts with the CRP-cyclic AMP (cAMP) complex to allow activation of transcription, although indirect effects of the truncated a subunits on the function of other subunits of the polymerase have not been excluded.
Two additional lines of evidence are consistent with the idea that the a subunit interacts with transcriptional activators. (i) Riftina and coworkers have produced a monoclonal antibody directed toward an a epitope that is exposed in the assembled polymerase (32) . This result indicates that a region of the a subunit is available in the assembled RNA polymerase for interaction with other proteins. This same monoclonal antibody interferes with the interaction between the polymerase and the CRP-cAMP complex at the lac promoter, resulting in inhibition of transcription initiation (33) . Although other interpretations have not been excluded, it is possible that binding of the antibody interferes with an interaction of the a subunit with CRP. (ii) Very soon after infection of E. coli by phage T4, Arg-265 of first one and then both a subunits is ADP ribosylated by phage-encoded enzymes (31) . This phenomenon indicates that sites in the C-terminal region of the a subunit are sufficiently exposed to be accessible to enzymatic modification.
The screen we have used to isolate rpoA mutations takes advantage of the fisheye colony appearance on MacConkey lactose medium that is characteristic of lacZ fusions to oxrA-dependent promoters. Although the basis of this phenotype is not completely understood, it seems to be sensitive to subtle alterations in the regulation of these genes. This has allowed isolation of mutations that afect a vital gene whose product interacts in complex ways with other proteins and with DNA. Since it is easy to look for colonies that have regained the fisheye appearance, the system also provides ready access to revertants of rpoA mutations. Revertants of rpoA8 have been isolated in this way, and, although not fully characterized, fall into at least three classes by map position: linked to rpoA itself (presumably true revertants or secondsite suppressors), linked to pepT (the one characterized mutation creates a consensus -10 in the anaerobic promoter [21, 25] ), and linked to oxrA.
The results described in this paper demonstrate the usefulness of this system for isolating mutations that produce interesting functional changes in the a subunit of RNA polymerase and the molecules with which it interacts. These mutations should contribute to our understanding of how the complex interactions between regulatory proteins, RNA polymerase, and promoters regulate transcription initiation.
